Additional index words. Pelargonium ·hortorum, sensor technology, NDVI, SPAD Abstract. Nitrogen (N) deficiencies can significantly reduce plant growth as well as flower quantity and quality. However, excessive N application leads to increased production costs and may cause water contamination as a result of runoff. Ground-based remote sensing of plant chlorophyll content offers the possibility to rapidly and inexpensively estimate crop N status. The objective of this study was to test the reliability of three different Normalized Difference Vegetation Index (NDVI) measuring methods and SoilPlant Analyses Development (SPAD) chlorophyll meter values as indicators of geranium (Pelargonium ·hortorum L.H. Bailey) N status. Two potted geranium cultivars, Rocky Mountain White and Rocky Mountain Dark Red, were supplied with N at 0, 50, 100, and 200 mgÁL -1 levels, respectively. NDVI readings were measured at 45 cm above the canopy or media of individual plants or 45 cm above the canopy of a group of plants (four plants treated with the same N rate were placed together). Significant correlations existed between indirect chlorophyll content measurements of SPAD values and NDVI readings regardless of four-pot group or single-pot measurements with N application rates and leaf N concentration. Using a cross-validation technique in discriminant analysis, 70.8% to 79.2% of sample cases were correctly categorized to the corresponding N statuses including very deficient, deficient, and sufficient. Therefore, ground-based, non-destructive measurements of a chlorophyll meter and pocket NDVI unit were able to indicate N status. Considering that flower color can interfere with NDVI measurements, the chlorophyll meter may better determine N content when flowers are present.
Geraniums (Pelargonium spp.) are considered one of the most valuable potted plants produced in the United States with an estimated wholesale value of over $100 million in 2010 for both seed and vegetatively produced plants (U.S. Department of Agriculture, 2010) . Geraniums are typically grown under greenhouse conditions during winter and spring to respond to the high demand of spring commercial markets. Nitrogen use efficiency is of great concern in floriculture production under greenhouse conditions. Nitrogen fertilization requirements and plant tissue analysis standards for geraniums are available (Biamonte et al., 1993; Dole and Wilkins, 2005; Kofranek and Lunt, 1969; Krug et al., 2010; Mills and Jones, 1997; Price et al., 1997) . However, monitoring N status based on leaf sampling and foliar analysis is timeconsuming and expensive. Because N is a major nutrient affecting plant chlorophyll content (Moorby and Besford, 1983) , measuring chlorophyll concentration can be a useful index to assess the growth status and leaf N level of a plant (Seemann et al., 1987) . Ground-based remote sensing of plant chlorophyll content and concentration offers the possibility of rapidly estimating crop N status and plant quality. For several horticultural crops, leaf N and chlorophyll concentration were found to be strongly correlated using a SPAD chlorophyll meter (Neilsen et al., 1995; Shaahan et al., 1999; Vos and Bom, 1993; Wang et al., 2004; Westerveld et al., 2003; Zanin and Sambo, 2006) . In addition, the NDVI index is commonly used to differentiate plant properties such as chlorophyll, biomass, and plant nutrition (Raun et al., 1998) . Use of an NDVI index is widely accepted in large-scale agronomic field production and some horticultural crops (Baghzouz et al., 2007; Bell et al., 2004; Carrillo, 2006; Clay et al., 2006; Eitel et al., 2008; El-Shikha et al., 2007; Peñuelas et al., 1994; Xiong et al., 2007) but has limited reports for greenhouse settings.
Based on assessing variability of reflectance measurements on plant growth and physiological conditions, using a statistical approach to extract useful information could be used to improve crop performance (Parihar et al., 2003) . Discriminant analysis, a multivariate statistical classification model technique, is a powerful tool for selecting the predictor variables that allow the discrimination between different group levels and for classifying cases into different groups with a better than chance accuracy (Fernandez, 2010) . It has been used successfully to separate N and water stresses in Helianthus annuus L. (Peñ uelas et al., 1994) , evaluate N status in Triticum aestivum L. (Filella et al., 1995) , assess water and N stresses in Zea mays L. (Karimi et al., 2005a (Karimi et al., , 2005b Strachan et al., 2002) , and evaluate N and potassium deficiencies in Olea europaea L. orchards (Gómez-Casero et al., 2007) . To our knowledge, there is no report about the detection of N status in potted geraniums to predict N fertilization needs using discriminant analysis.
In a previous experiment, Wang et al. (2012) found that NDVI and SPAD values can be used to reflect N status in geranium, and that cultivar and N rate can significantly affect flower quantity and quality. The objective of this study was to test the reliability of three NDVI measurements and SPAD values as indicators of geranium N status. Through assigning the aforementioned NDVI and SPAD values to predefined N levels based on leaf N content, we also conducted discriminant analysis with the purpose of integrating information as a tool to classify different N statuses. (Krug et al., 2010) . A single plant was placed in each pot and plants were grown in the Department of Horticulture and Landscape Architecture Research Greenhouses at Stillwater, OK, under natural photoperiods. Temperature was set at 18/21°C day/night with a maximum photosynthetic photon flux density of 500 mmolÁm -2
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-1 at 1200 HR. Plants were hand-watered with tap water at a rate of %250 mL per pot per irrigation event to avoid excessive leaching. Starting 25 Feb. 2011, plants were fertigated with a solution containing 50, 100, or 200 mgÁL -1 N from urea ammonium nitrate (UAN) (28N-0P-0K) twice or three times per week for a total of 16 irrigations with fertilizer solution. Plants were irrigated with water as a control treatment (0 mgÁL -1 N). Fertilizer solution was mixed in a plastic bucket and applied at the same volume as the water. Nitrogen treatments were designed to produce plants with N status ranging from deficient to excessive. The experiment consisted of eight treatments (two cultivars · four N levels) with 24 singlepot replications. Pots were arranged in a completely randomized design (CRD).
Normalized Difference Vegetation Index, Soil-Plant Analyses Development value, and nitrogen content determination. Normalized Difference Vegetative Index readings were collected 42 and 48 d after initial fertilizer treatment (DAT) using a NDVI pocket sensor (NTech Industries, Ukiah, CA) developed by Oklahoma State University. Two methods were used to evaluate the impact of plant canopy coverage on NDVI readings: 1) an individual plant was scanned (single-pot) 45 cm above the canopy; and 2) putting four adjacent pots of the same N treatment together (four-pot group) and sensing from 45 cm above the canopy to generate a larger, flatter, and more homogenous square area for measurements. For the first method, two sensor positions were used to evaluate changes in distances between the sensor and the plant surface on NDVI readings for single-pot measurements. One sensor position was placed 45 cm above the media of the pot (from media); the other one was placed 45 cm above the plant canopy (from canopy). Because the sensor had a circular field of view with a diameter of 11.8 cm wide at a 45-cm height, the footprint of the sensor changed with plant growth on the media-based sensor position. For the second method, replications were reduced from 24 to six experimental units, and NDVI measurements were taken from the center of where the pots were grouped on four points arranged near the center of the scanned area, respectively. The field of view was the same from plant-canopy-level sensor position and four-pot group canopy measurements. At sampling dates 42 DAT and 48 DAT, individual plants were scanned from all 192 pots for NDVI readings including from both media and plant canopy and NDVI readings from six experimental units were determined for the four-pot group. To eliminate water status influences, all spectral measurements were made the day after plants were fertigated. To avoid interference of flower color, all pedicels were removed from each pot as they appeared. At 42 DAT and 48 DAT, leaf chlorophyll content was measured using a SPAD chlorophyll meter (SPAD-502; Konica Minolta, Japan). For each pot, measurements were collected from four mature leaves from the middle to upper portion of the plant and averaged.
At 48 DAT, 10 mature leaves were collected from each pot in the four-pot group for a total of 40 leaves combined. Leaf samples were analyzed for total N content as gÁkg -1 dry matter (DM) (Soil, Water and Forage Analytical Laboratory, Oklahoma State University) using a LECO TruSpec Carbon and Nitrogen Analyzer (LECO Corporation, St. Joseph, MI).
Data analysis. Collected data were analyzed using SAS software (SAS/Stat procedures, Release 9.02; SAS Institute, Inc., Cary, NC). Because the variances of the four N treatments were unequal in all three NDVI measurements at each measuring date by Bartlett's test and Levene's test, and the variance of 0 N rate was significantly greater than the variances of other three N rates, it affected the behavior of the F test and the multiple comparisons. Therefore, for all of the NDVI readings at each measuring date, only the analysis of variance (ANOVA) within 50-, 100-, and 200-mgÁL -1 N rates were determined. However, NDVI values measured at 0 N rate still represented a deficient N status. Because the variance of four N rates were equal, the ANOVAs were carried out with four treatments for leaf N content (gÁkg -1 DM) and SPAD values at each measuring date. To simplify computation, we used mean values for each four-pot group (i.e., experimental unit) for all three NDVI readings and SPAD values at each measuring date. Analysis of variance using PROC GLM in SAS was used to calculate the effects of N and cultivar with six replicates on the parameters studied. Means of main effects and interactions were separated by protected least significant difference (a = 0.05 and 0.01). Trend analyses were carried out with N rates for the linear and quadratic functions in SPAD, leaf N content, and all of the NDVI readings.
To prove the predictive ability of three NDVI measuring methods and SPAD value, linear regression analyses and significant tests were performed within them and also between N rates with them using the PROC REG procedure. All of the regressions were calculated over six replications of four N rates (n = 24) for each cultivar. The coefficient of determination R 2 was used to indicate the explained variance.
Discriminant analysis of the canopy spectral reflectance data was done using PROC DISCRIM in SAS. Nitrogen limits for leaf N sufficiency range from 2.91% to 3.51% for mature plants of light-green cultivars (Krug et al., 2010) . The leaf N thresholds of three N status groups were defined as: 1) very deficient at 2.0% or less; 2) deficient, between 2.01% and 2.90%; and 3) sufficient at 2.91% or greater. Based on the measurements, the DISCRIM procedure calculated different discriminate functions for categorizing observations into N status classes. The discriminant functions were generated from the samples for which N status was defined in two tested cultivars (count data). Then, functions could be applied to new spectral reflectance values but an unknown N status. The suitability of the discriminant functions for a given classification was compared using a cross-validation method, which involves the calculation of misclassification matrices. These were calculated by determining the number of wrongly classified N status group in any single category. Because the data sets were small, the ''one data out'' approach for cross-validation was repeatedly used.
Results
Effects of cultivars and nitrogen rates on Normalized Difference Vegetation Index, Soil-Plant Analyses Development, and leaf nitrogen content (gÁkg -1 dry matter) values. At 42 DAT, NDVI values increased linearly with increasing N rate. Normalized Difference Vegetative Index values measured from a single pot at media base and on the four-pot group differed significantly between cultivars and N rates, whereas a statistical difference only occurred between cultivars for NDVI values on a single-pot canopy (Table 1) . However, at 48 DAT, NDVI values measuring on a single pot at the media base and on a four-pot group showed a significant difference within N rates, but no significant differences were found between cultivars and N rates for NDVI values on a singlepot canopy (Table 1 ). The results indicated that NDVI value measuring from a singlepot canopy was less sensitive for detecting variations in N status than the other two measuring methods. Using the protected least significant difference value at the 0.05 level, significant differences for NDVI value on the four-pot group canopy were consistently detected between 50 and 100 or 200 mgÁL -1 N rates in 'Rocky Mountain White' and between 200 and 50 or 100 mgÁL -1 N rates in 'Rocky Mountain Darker Red' both at 42 and 48 DAT. Meanwhile, measurements of NDVI on single-pot media only showed significant differences between 50-and 200-mgÁL -1 N rates in 'Rocky Mountain White', and all N treatments were significantly different in 'Rocky Mountain Darker Red' at 42 DAT. However, only significant differences between 50-and 200-mgÁL -1 N rates were determined in both 'Rocky Mountain White' and 'Rocky Mountain Darker Red' at 48 DAT. Because the distance between the sensor and plant were reducing along plant growth, it is understandable that the measurements of NDVI value of a single pot on media-based position were interfered. Therefore, for NDVI value measurements on potted geranium, special consideration should be given to positioning of the sensor over the crop canopy and canopy architecture. With this in mind, the NDVI pocket sensor could also be used to detect N status of geranium plugs grown in plug trays after germination because canopy cover would limit background reflectance.
At 42 and 48 DAT, similar results occurred for SPAD values, because significant differences were found between cultivars and N rates, and SPAD values increased quadratically with increasing N rate from 0 to 200 mgÁL -1 (Table 1) . Except treatment means between 50 and 100 mgÁL -1 N rates in 'Rocky Mountain Darker Red' at 48 DAT, SPAD values could differentiate the N response within all four N rates clearly in each cultivar (Table 1) . At 48 DAT, differences only occurred within N rates for leaf N content. In addition to the pair of treatment means between 50-and 200-mgÁL -1 N rates in 'Rocky Mountain Darker Red', differences were detected between the 0 N rate and the other three N levels in each cultivar (Table 1) . With increasing N rate, leaf N content increased quadratically.
Relationship between Normalized Difference Vegetation Index, Soil-Plant Analyses Development, and leaf nitrogen content (gÁkg -1 dry matter) values. At 42 and 48 DAT, coefficient of determination was higher for the SPAD meter than all three NDVI readings in both cultivars, and a strong linear relationship existed between all three NDVI readings and SPAD values among two cultivars (Table 2) . At 48 DAT, the degree of linear fit (R 2 ) between leaf N content with three NDVI measuring methods and SPAD value among two cultivars ranged from 0.486 to 0.672; they were significantly related.
Discrimination between nitrogen status. Sample size and some descriptive statistical parameters of leaf N content (gÁkg -1 DM) of each N status category classified based on leaf N content at a sampling date of 48 DAT are presented (Table 3) . Classification based on leaf N content resulted in unequal sample sizes among three N status categories ( Table   Table 1 L**** L****Q**** L*** N/A L**** L**** Q**** L****Q**** z Normalized Difference Vegetation Index (NDVI) value as measured on single-pot 45 cm above media. y NDVI value as measured on single-pot 45 cm above canopy. x NDVI value as measured on four-pot group 45 cm above canopy. w Soil-Plant Analyses Development (SPAD) chlorophyll meter value. v Leaf nitrogen content; DM = dry matter. u NS, *, **, ***, ****Nonsignificant or significant at P # 0.05, P # 0.01, P # 0.001, or P # 0.0001, respectively. For all of the three NDVI readings at each measuring date, the analysis of variance within 50-, 100-, and 200-mg L -1 N rates were determined; for SPAD values and leaf N (% DM), the analysis of variance were carried out within four nitrogen treatments. T LSD 0.05 = Fisher's protected least significant difference at a = 0.05 and a = 0.01, respectively. s N/A = not available. r *, ***, ****Linear (L) or quadratic (Q) response at P # 0.05, P # 0.001, or P # 0.0001 level, respectively. DAT = days after treatment; N = nitrogen. (Tables 5 and 6 ). However, to classify the very deficient categories for cross-validation data, the classification accuracy rates for NDVI values on the four-pot group and SPAD values were the same, reaching 60.0% for 'Rocky Mountain White' and 66.7% for 'Rocky Mountain Dark Red'. The predictive success rates for the NDVI values of a single pot from media basis and canopy basis were the same (only 20.0%) for 'Rocky Mountain White' and were 50.0% and 83.3%, respectively for 'Rocky Mountain Dark Red' (Tables 5 and 6 ). The intermediate category between deficient and sufficient was difficult to correctly classify. For 'Rocky Mountain White', except the classification accuracy rates of SPAD values which were 33.4%, no correct classifications were obtained for all NDVI readings (Table 5) . For 'Rocky Mountain Dark Red', the classification accuracy rates of SPAD values and NDVI of a single pot at media basis were the same reaching 40.0% accuracy (Table 6 ). No correct classifications were obtained in the other two NDVI readings (Table 6 ). The proportion of deficient cases misclassified into the very deficient category or the sufficient category was different for each NDVI reading method, SPAD values, and over the two tested cultivars.
Discussion
For ornamental plants growing under greenhouse conditions, N requirement varies with plant age and type. Young plants and seedlings do best with low to medium N levels, whereas plants in a late-vegetative growth stage require moderately high levels. In this experiment, we kept plants in a vegetative growth stage by removing all pedicels from each pot as they appeared and controlled the volume of watering and fertigation at %250 mL per pot per irrigation event to avoid excessive leaching. Because of relatively low plant N requirement and leaching fraction restriction, limited differences of leaf N concentration were observed within 50-, 100-, and 200-mgÁL -1 N rates using UAN. Krug et al. (2010) concluded a sufficient range of N application in geranium was from 100 to 300 mgÁL -1 N fertilizer using 13N-0.86P-10.8K liquid feed. This N concentration range is similar to an application range of 46.4 to 139.2 mgÁL -1 N with UAN in our study. However, the upper and lower limits were established by analyzing the growth of plants over time using plant height, diameter, dry weight, and growth index (GI); flower quality traits were not considered (Krug et al., 2010) . In our previous studies, using the same UAN fertilizer, at initial bloom stage (5 weeks after initial pedicel appearance), plants fertilized with 100 mgÁL -1 N or 200 mgÁL -1 N twice a week had a significantly bigger inflorescence size and had more flowers than 50 mgÁL -1 N (Wang et al., 2012) ; however, only the leaf N content of 200 mgÁL -1 N application treatment was within a sufficient range referring to Krug et al. (2010) . As a result of plant age, type, water management strategy, and quality assessment parameters, we recommend that optimum N fertilizer rate may vary in geranium. Therefore, reflectance-based nondestructive measurements could offer a potential in-season N management strategy for geranium plants and improve N use efficiency properly.
At the vegetative stage, the degree of linear fit between leaf N concentration and indirect chlorophyll content measurements such as SPAD values and NDVI readings regardless of four-pot group or single-pot measurements were limited (R 2 = 0.486 to 0.672) for potted geranium. Based on the assignment of such NDVI and SPAD readings to the corresponding N status, the plant-based diagnostic strategy used with a discriminant analysis procedure was partially successful with 70.8% to 79.2% correct N category detection. In particular, such sensors were not sensitive enough to identify the deficient category with leaf N content between 2.01% and 2.90% on a DM basis. As we noted, sufficient N level was produced by N supply of 50 mgÁL -1 N in this study; the relationships observed between leaf N content and SPAD or NDVI readings reached a plateau at excessive N rates, which indicated nonlinearity of relationships in the above-optimal range of N supplies. Meanwhile, inadequate numbers of observations within the deficiency category may influence the accuracy of discriminant functions for categorizing observations into N status classes. On measurement consideration, both NDVI and SPAD readings have some limitations. It has been reported for some crops that leaf chlorophyll content may vary with cultivar (Debaeke et al., 2006) , growth stages (Ziadi et al., 2010) , leaf thickness (Peng et al., 1993) , sampling procedure (Olfs et al., 2005; Peterson et al., 1993) , and deficiency of nutrients other than N (Masoni et al., 1996) . Our results demonstrated that for NDVI value measurements on potted geranium, special consideration should be given to positioning of the sensor over the crop canopy and canopy architecture. Interference from underlying ground reflectance, especially for incomplete canopy cover, has been proposed as a weakness for NDVI readings (Hatfield et al., 2008) .
However, NDVI tends to saturate as the plant canopy closes (Tremblay et al., 2011) . Therefore, the range of NDVI values that may separate N deficiency from N surplus in potted geranium is quite narrow. In addition, the measurement of leaf N concentration, although sensitive to N status, still can be affected by plant maturity, plant biomass, and variations in N allocation between plant parts. In this study, of the total 48 observations from both tested cultivars, there were at least five observations on leaf N content that fell out of the ''expected'' range. Nevertheless, potted geranium grown under greenhouse conditions also offers some advantages to use such sensors in practice, whereas the well-controlled environmental conditions and a normalization production procedure could eliminate inference with soil properties, water supply, and weather effects. An in-season N management strategy is easily implemented by multiple fertigations. Further research is required to establish more clearly the critical N concentration curve and the N nutrition index (NNI) with respect to the vegetative and reproductive growth, which may be expressed with plant GI and flower quantity or quality index on specific cultivar type, respectively. Once N status reference curve is identified, it is important to valid the minimum deficiency of N that such sensors can be detected. Then an important issue is to determine an N application rate to correct the deficiency and to investigate the efficiency of recovery response and economic returns by changing a fixed N fertilization to a sensebased or need-based application.
In conclusion, our results clearly indicate that the indirect chlorophyll content measurements such as SPAD values and NDVI readings have the potential to quantify the N nutrition status of potted geranium grown under greenhouse condition. Because putting four pots together has an advantage of generating adequate coverage to increase accuracy for the pocket sensor, NDVI readings on the four-pot group from canopy height tended to be more stable to detect variations in N status than the other two single-pot values. Considering that colors other than green can interfere with NDVI measurements, the SPAD chlorophyll meter might have an advantage in determining N content in geraniums when flowering. Table 6 . Classification matrix (number of cases and percent in parenthesis) obtained from the discriminant analysis procedure for count and cross-validation using Normalized Difference Vegetation Index (NDVI) and Soil-Plant Analyses Development (SPAD) chlorophyll meter values for nitrogen status in potted geranium cv. Rocky Mountain Dark Red grown under greenhouse condition (n = 24). 
